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ABSTRACT 

With the primary aim of calculating stellar envelope opacities, 
a joint international collaboration is under way for the calculation 
of basic atomic data for radiative processes: oscillator strengths, 
photoionization cross sections, energy levels, radiative damping con- 
stants (including line broadening). Atomic calculations have been 
completed for the first ten isoelectronic sequences, H-like to Ne- 
like, going up to iron, and work is in progress on the third and 
fourth row atoms and isosequences. The close-coupling approximation 
is employed throughout using a new version of the R-matrix method, 
Particular emphasis is placed on the detailed resolution of autoion- 
ization structures in the bound-free continuum. 

1. INTRODUCTION 

A general description of the Opacity Project is given in the 

Elementary radiative processes involving light absorption and 

first of a series of papers entitled "Atomic Data for Opaoity C.lou- 
lations" or ADOC I-VII1 and in Ref. 2. 

scattering determine the opacities in the envelope region of stellar 
atmospheres characterized by the general range of plasm parameters 
given in Table 1. 
rendered difficult by the vast amount of requisite atooio data for 
the bound-bound and the bound-free radiative processes, and associ- 
ated plasma effects, in essentially all the atoms and ions normally 
abundant. Furthermore, the final results depend upon the accuracy of 
the atomic data input incorporating the important atomic effects, 
such as autoionization structures that are known to be present 
extensively in the bound-free continuum. In addition, plasma effe'aots 
8UCh as line broadening and the pressure broadening of autoionization 

An accurate calculation of these opacities is 

Table 1. Typical plasma parameters in stellar envelopes 

T Log P toe p Log Ne . 

(IC) (e CPI-3) (dynes 1 ( d 3 )  
4.5 -8.5 3.9 15.3 
5.0 -7.0 5.9 16.8 
5.5 -5.0 8.0 18.3 
6.0 -3.5 10.3 20.3 
6.5 -1.5 12.9 22.3 

( N A S A - C R . - 1 8 6 1 4 5 )  A T u M I C  DATA SASE AND THF N9 0- 7 0  3 9 1 
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resonances must be properly accounted for. The present Opacity 
Project involves new approach s to these problems and also include8 a 
new equation-of-state method ,1'5 based on free-energy minimization, 
for the calculation of internal atomic partition hnctions that 
provide the occupation probabilities for level populations. 

The basic theoretical methods, and related oomputational techni- 
ques, for the atomic physics calculations were developed during the 
past two decades. Particularly from the mid-70's onward a signifi- 
cant number of accurate calculations for the radiative and o011181On- 
a1 processes have been carried out employing large computational 
packages based on the close-coupling approximation of atomic colli- 
sions theory. The total number of these calculations was still 
rather small since they required an enormous investment of manpower 
and computing resources. 
tional breakthroughs under the auspices ofsthe Opacity Project, 
coupled with the availability of supercomputers, now enable us to 
carry out systematic and accurate calculations on a large scale for 
most of the atom and ions of interest in astrophysioal and lobora- 
tory plasmas. The R-matrix method, dercribed in Sec. 111, provides 
the most efficient means for atomic calculations, in the close-coup- 
ling approximation, and is employed for nearly all of the present 
work. 

In previous works on envelope opacitles,6-8 much slmpler atomic 
models have been used and it appears that they may have under- 
estimated the metal opacities by a factor of 2 or 3, as evidenced by 
the problems encountered in theories and observations of stellar pul- 
sation and evolution.9,10 Although it ls too mrly to oonolude 
whether the new opacity oalculations would aooount for these discrep- 
ancies, it is worthwhile to employ the most aocurate 8ktO-of-thU-8rt 
atomic physlor to reoaloulate, ab faf t fo,  all the brsio atomic data 
oontributing to the opacities. 

The main m o p e  of the present Opooity ProJeot is UM oomputatlon 
of the oscillator strengths and photoionization crods Motion8 
involving the first ten isoelectronic sequences, H to Ne, up to and 
including iron; atoms and ion8 with 2 s 1-14, 16, 18 20 and 26 are 
considered explioitly. 
mically abundant elements with 14 < 2 < 26 are also lnoluded. 
matrix calculatlons entail all bound states of each atam or ion with 
n 5 10 8nd L 5 3 1.e. a11 re8ulting rrltipleta hraaterlzod by a 
total rpin and angular momenta, SL. It is estimated that one would 
o b k i  approximately 200-500 bound stater per ion or atom urd a total 
of 108 - 107 oscillator strengths. Photoionization cross sections 
for all the levels wlll be tabulated at approximately lo00 - 2000 
energlea per level (in order to take aooount of the detailed 
resonance structures). 

The atomic data produced through these calculations I8 analyzed 
and retabulated at a mesh of photon frUquencles to obtain the ope- 
cities (incorporating the equcrtlon-of-state p8rameters) . The highly 
accurate atomic data base thus created is also expected to be useful 
in a wide variety of laboratory and astrophysioal plasmas. 

However, recent theoretical and computa- 

In 8ddition, all ions of iron and of the 00s- 
The R- 
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11. RADIATIVE PARAMETERS 

The radiated flux propagating through a stellar envelope is 
governed by the Rosseland mean opacity defined in terms of the 
inverse of the absorption coefficient as 

= 7 5 g(u) du , 
*R 0 v 

(2.1) 

where k, is the monochromatic opacity coefficient, u = hu/kT, and 
g(u) is a weighting function incorporating the black-body distribu- 
tion with a correction for stimulated emission and is given by 

The total monochromatic opacity k, is the sum over all oontributing 
radiative processes, in particular the bound-bound and the bound-free 
absorption. 
from a bound state 1, we have 

Corresponding to line absorption and photoionization 

and 

where N(Xi) is the level population and av(i) and fij are the photo- 
ionization cross section and the oscillator strength respectively. 
In (2.3a,b) we have also included the profile factors, 4 (VI and 
+&(VI, due to electron pressure and p l a m  microfield brgadening of 
autoionization and line features, In particular the collisional 
broadening damping constants may be defined by writing the appro- 
priate line profile factor as 

where the width y and the shift t ,  from line center vo, are 
proportional to electron density 1.e. 

y + i t s Ne r , 
with r 8s the collisional damping constant which is a -lex quan- 
tity. 
mation in term of thermally averaged collision strengths for elec- 
tron-ion scattering. The appropriate scattering mtrioes for the 
initial 8nd the final states m y  be obtained accurately from the 
atomic collision methods employed in the present work for a number of 
low lying tranritions in the ions conridered. 
bation has been developed, applicable to all other transitions, which 
yields a general expression for r in terms of a slowly varying z (ion 
charge) dependent factor and radiative transition probabilities for 
all transitions from the initial and the final states,12 The latter 

Following Baranger,ll one may express r in the impact approxi- 

A Bethe-type approxi- 
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approximation agrees closely, well within 50% for most cases, with the 
quantum mechanical calculations for the low lying transitions. 

for the Doppler width at local temperatures and the Stark effect due 
to plasma micro-fields. For non-hydrogenic systems one expects the 
collisional broadening effect to be the dominant effect, subsuming the 
Doppler width as well as the fine structure separations. However, for 
hydrogenic systems the Stark effect is expected to make a large con- 
tribution and work is in progress to develop methods similar to those 
for collisional broadening mentioned above. It is also expected that 
the broadening of autoionization feature8 in the photoionization cros8 
sections can be treated on the mme basis a8 line broadening, with 
simple expressions to convolute the detailed cross sections. 
appears rather important to address this problm since the form of the 
Rosseland opacity (2.1) indicates that the miniaP in k,,, rssociated 
with resonances in the bound-free cross sections, would r k e  a signi- 
ficant contribution to the integral and therefore the 8truoture of 
these "holes" in the opacities needs to be considered carefully. 

In addition to collisional broadening, one also needs to account 

It 

I I I. ATOHIC CALCULATIONS 

The computational methods are described in ADOC 1' and subsequent 
publications. Briefly, the basic method is the olose-ooupling approw- 
imation of atomic collision theory that enables an accurate cmputa- 
tion of electron + atom (ion) system with the electron at either posl- 
tive or negative energies. 
state atomic wavefunctions can be obtained. 
and radiative parameters can be oalculated thereby: 
photoionization cross sections, transition probabilities, etc. 
close-ooupling approxlmatlon involves the solution of coupled integro- 
differential equations, which can be solved in the aost effioient 
manner with the R-matrix method developed by Burke and 00-workers. An 
outline of the close-ooupling approxlmatlon and the R-matrlx method i s  

The total e + atom wavefunation may be written 88 m axpansion in 
terms of produota of atomic eigenfunotions and the w a v o ~ o t i o n  of the 
free electron: 

Thus, both the continuum and the bound 
A variety of colllslonal 

scattering and 
The 

88 fOllOWS. 

where SLi is the total spin, anguiar momentum and parity of the e + 
atom systam; @i are the atomic eigenstates, ei is the free electron 
function and e j  are e + atom bound state wavefunctions inoluded to 
satisfy orthogonality constraints and addition81 rhort range corre- 
lation effects. The ei and the coefficients c are treated as vari- 
ational parameters in the close-ooupling approhmation and variation 
with respect to these quantities yields a set of coupled integro- 
differential equations which account for the coupling betueen the 
atomic eigenstates included in the first term of (3.1). The numbftr of 
such states, usually referred to a8 "target" (or *parent* or "core") 
states, generally comprises the term8 dominated by the lowest few 

. 



electronic configurations of the atom (target) under consideration. 
Implicit in the sumnation in the first term of (3.1) is the sum over 
the orbital angular momenta "1" of the free electron; these are 
usually fairly low "I" values (simpler approximations may be used for 
higher 1 ' s ) .  For radiative problems, it is evident that bound states 
of the e + atom system may be treated hydrogenically if L > 3(  since 
the quantum defect is nearly zero and the resulting state is hydrogen- 
like. Thus in the present work detailed R-matrix calculations are 
generally carried out for the atomic target states coupled with 
1 s 3. 

The R-matrix method consists of dividing up the configuration 
space into an inner and an outer region. 
takes into account the short range interactions between all the 
electrons of the total electron + atom system, in particular the 
exchange ef ect due to antisylmaetrization represented by the 
operator A in (3.1).  Solutions in the outer region are simpler as 
they include only the long range interactions between the eleotron and 
the atom (for example, exchange is neglected). The boundary between 
the inner and the outer regions, is taken to be such that the atomic 
eigenfunctions are negligibly mall. The inner region solutions 
of '(e + atom) are expanded in terms of a basis set of functions that 
s~tisfy the R-matrix boundary oonditlons at, say, r x a, ;.e., 

In the inner region one 

the (fi(r)) are the radial part of the set (h) in terms of which the 
total wavefunction (3.1) is erpanded at any energy E, i.e., 

'E = n 1 'n AnE 
-. 

The coefficients AnE are obtained on diagonalization of the 
Hamiltonian of the e + atom system and are given as 

(3.3) 

(3.4) 

where the e, are the eigenvalues of the R-matrix basis functions 
(en); the Pi(r) represents the radial part of 'E in (3.1) and is given 
in terms of the R-matrix as 

where 

(3.5) 
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An especially useful feature of the R-matrix method is that onoe the 
R-matrix basis functions are determined by diagonalization ogL4he e + 
atom Hamiltonian for each symmetry SLw, the full solutions YE 
obtained readily at any energy, thus enabling a rapid computation of 
cross sections and transition probabilities, etc., corresponding to a 
large number of energies. 
sections contain extensive resonance structures. For example, in the 
present work it is found that the photoionization cross sections need 
to be calculated at lo00 - 2000 energies for each bound state. 
mentioned earlier, the detailed resonance features may be crucially 
important in the final opacities, in particular the Rosseland mean. 

For bound-bound transitions, we calculate the dipole mtrix 
elements in the inner region I in terms of the R-matrix basis 
functions as 

may be 

This is especially important when the cross 

As 

The dipole matrix element with the wavefunctions for the "physical" 
bound states YE and YE' (E,E' < 0) is then given by 

The total dipole matrix element for the transition between the bound 
states of the e + atom system at energies E and E@ is obtained on add- 
ing to (3.8) the contribution from the outer region, employing solu- 
tions of IE and YE, neglecting short range interactions. 
bound-free transitions we calculate the dipole matrix elements with 
wavefunctions for  a bound state with E < 0 and a oontinum state with 
E > 0. 

It is convenient to carry out the atomic calculations along 
isoelectronic requences since the target electronic wnfigurationr are 
the same for all ions in the sequence. However, the correlation 
effects may be different for low 2 ions as opposed to high Z ones m d  
therefore different configuration interaction bases may be u r d  to 
represent the eigenfunotion expansions fo r  ions in a sequenoe, depend- 
ing upon the nuclear charge. The variational principle employed in 
the derivation of the olore-coupling equations is baaed on the asrump- 
tion that the target atomio eigenfinctions are known exaotly. It ir 
therefore imperative to obtain an aoourate reprorontation for  the 
eigenrtater lnoluded in (3.1). 
structure program to oalculate oonfiguration interaotion type wave- 
functions for the target rigenrtates: the program CIV 3 by Hibbertl3 
using Clementi-type liartree-Poak orbitals optlmlzed to obtain the 
individual tar t rtate funotion8, and the program SUPERSTRUCTURE by 
Eissner et 
generate the one-eleotron orbiklr, and thereby the wrvefunotions for 
all the eigenstatea inoluded in the close-ooupling expansion, Both 
prograw yield results of oompar8ble aocuracy when optimized 
properly. The atwio structure programs provide output in tarma of 
angular and radial parameters whioh are input to the main R-matrix 
package which oonsists of several program, designated by the prefix 

For the 

We employ two independent atcmio 

M i n i  a soald mollpr-Peni-Dirao potential to 
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STG, corresponding to the various stages of the calculations, e.g., 
STCR for radial integrals (formerly STGI), STCA for angular algebra 
(formerly STGZ), STCH for the diagonalization of the e + atom 
Hamiltonian (formerly part of Sn;3), STGB for the calculation of bound 
state wavefunctions, STGF for the continuum wavefunctions (also colli- 
sion strengths) , STCBB for bound-bound data (oscillator strengths), 
STCBF for the bound-free (photoionization cross sections) and STGD for 
collisional damping constants for line broadening. 

I V .  INTERFACE BETWEEN ATOMIC DATA AND OPACITY CALCULATIONS 

The rather huge amount of atomic data required for the opacity 
calculations needs to be analyzed, processed and mapped onto a fre- 
quency grid in incident photon frequencies. 
involves the interpolation of the atomic data, originally tabulated 
relative to atomic eigenenergies, into a pre-determined frequency 
mesh. 
range of parameters given in Table 1, we have Chosen loglo T = 3 
and loglo Tmax = 7 and photon frequencies loglo %in = 10.618pand 
loglo bx : 18 6188. 
= 3.90625 x 10-6. 
for computational convenience. 

atom or ion, typically 300, it is necessary to determine the spectro- 
scopic identity of all the bound states. 
not essential to the opacity calculations, it is Useful in the analy- 
$18 and tabulation of atomic data and, perhaps more importantly, 
should enable the diagnostics of opacities over specific regions in 
terms of the underlying atomic physics. 
atomic data are being calculated for the first time and the data base 
should have wide ranging applications in other areas such as fusion, 
laser teohnology, optical and chemical phyaios, eto. The level 
identification of some excited states can be problematic due to 
configuration mixing in cases where no one configuration makes the 
dominant contribution to the given state. 
algorithms for fairly precise determination of spectroscopic 
designation. 
states calculated under the Opacity Project far exceeds the number 
that are observationally determined and, given the accuracy of the 
present calculations, should be a useful contribution to atomic 
spectroscopy. 

The bound-bound oscillator strengths are tabulated at frequencies 
oorresponding to the closest indices on the opacity msh, whereas the 
bound-free photoionization cross sections, originally given as a func- 
tion of the oontinuum electron energy, are interpolated to the closest 
mesh fndiCe8 over the range of photoionization from threshold up to 
frequencies where the cross section has decreased to very Sara11 
values. 
are also given. 

The analysis and interface of atomic data are carried out by the 
program INTFACE, which produces the bound-bound and the bound-free 
data files for the program OPACITY, which calculates the opacities in 

The "interface" stage 

Corresponding to the atomic and ionic species abundant in the 

The frequency interval is chosen to be Aloglo v 
The precise values of frequencies are determined 

As we are dealing with a large number of excited states of each 

Although this requirement is 

In addition, most of the 

However, we have developed 

We might note here that the number of atomic bound 

Parameters for radiative damping And collisional broadening 
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segments of the frequency grid. The calculations are carried out on 
the Cray-XHP at the National Center for Supercomputer Appliootionr in 
Urbana, Illinois. The atomic data files are to be stored on the SSD 
(solid-state-device for storage of large data files), and are input to 
the opacity program according to the mesh segment (or 'twindown) under 
consideration, i ,e., the OPACITY program determines and calls in only 
the data files for the atoms and ions corresponding to the absorption 
frequencies within the segment. 

V. SAMPLE RESULTS 

In this section we describe briefly the calculations and the 
results for one atom, neutral carbon, which might serve to exemplify 
the typical aspects of the atomic physics involved. 
coupling approximation the C I radiative calculations begin uith the 
"target" or the "parent" lon C 11. From the expansion (3.1) ue 
include the first term eigensktes of C I1 t b t  are dominated by 
the configurations: ls22s22p (ZPO), ls22sfp2 (4P, 2D, 28, 2P), 
ls22s23s (ZS), 1 ~ 2 2 ~ 2 3 ~  (2~0) and 1 ~ 2 2 ~ 3  ( SO, 2D0, Po). The 
eigenfunction representation of these states includes electronic 
correlation from the following configurations: ls22s23d, 2s2p3s 
2s24s, 2s24pI 29244, 2 ~ 2 9 3 ~ ~  2s2p2d, 2p215, 2p23p, 2s3p3d, 2s3d2 : 
2s3s3p, 2p23d, 2p24s, 2p up, 293s , 2s3p , 2p3s3p and 2p3s3d. 
23 configuration expansion 1s used to represent the core states acaur- 
ately. The close-coupling approximation then involves the solution of 
the coupled integro-differential equrtions for the (e  + CII) system 
using the R-matrix method, in several skges, as described earlier. 
The orbital angular momenta of the additional electron are taken to 
be L 5 3 (i.8. 8, p, d, f). 
type (C 11, SiLi)n& with n d 10, L s 3. For example, a typioal series 
of states would be [2s22p (2p0)] 38, ..., 108, up to []sf, ..., 10f 
(in addition to the equivalent electron states belonging to C I 
configurations such as 2s22p2, 2 ~ 2 ~ 3  etc. 1. 

three states of C I dominated by the ground configuration 2s22p2 
(3P, ID, IS), 
eigenstates of C 11 are indio8ted. 
ces are seen to converge onto the excited threrholds. 
state, 3P, the cross sections are in good Pgreement (< 5%) with the 
earlier R-matrix oolculatlonr by Taylor and Burke15 and the detailed 
resonance structure follows clo8ely both the earlier theoreti081 
results as well as the experimental crom sections measured by Esteva 
et a1 .I6 

A total of 4763 08Cill8tor strength8 were calCul8ted for neutral 
carbon. In Table 2 we oollp.re a few selected oscillator strength8 

employed the close-coupling approxhation. The present results are 
labeled OP (for Opacity Project) 8nd are given in both the length (L) 
and the velocity ( V )  formulations. U i t h  the exception of weak transi- 
tions, the agreement between the three sets of data is well within 
10%. Figure 2 illustrates the Pgreeaent between the L and V oscilla- 
tor strengths for all transitions w l t h  ft, fv 2 0.01. It is aeon that 

In the close- 

~ h u a  a 

We obtain all C I bound sktes of the 

Figure 1 illustrates the photgionization cross sections for the 

The ten ionimtion thresholds corresponding to the 
Several Rydberg series of resorun- 

For the ground 

with those calculated by hJ88-r .nd StoreY17 (NS) Who a h 0  
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ELECTRON ENERGY 

Fig. 1. Photoionization cross scc ions of gr und configyration states 
of neutral carbon: (a) o( PI, (b) a( D), ( c )  o( S).  The C 11 
ionization thresholds are shown by vertical lines. 

5 9 
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Fig. 2. Percentage-wise agreement between length and velocity 
oscillator strengths of C I (for all transitions with fL, fv 
2 0.01). 

Table 2. Oscillator Strengths for C I 

Transition fy r y  ts 
1657.2 
1561.1 
1277.5 
1930.9 
2478.6 

10693.4 
9639.7 

17747.2 

11330.3 
18068.7 
14793.3 

1.497(-1) 
7.35 (-2) 
1.064(-1) 
1.167( -1 ) 
8.38 (-2) 

5.440( -1 ) 
1.104(-1) 

3 .2W -3) 

5.573(-1) 
1.420(-2) 
7.210(-2) 

, 
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for most of the 275 transitions considered, the agreement is within 
f 10s. 

VI. EXTENSION TO COLLISIONAL DATA 

The calculation of LTE opacities requires mainly the data for 

The same basic theoretical'and cmputational methods may be 
radiative processes (with some computations for collisional broaden- 
ing). 
employed for electron-ion collisions. 
collisional calculations are, in general, not carried out in the same 
mnner. For collisional excitation it may be necessary to use a much 
larger eigenhnction expansion in terms of the target atomic states 
[Eq. (3.1)l in order to obtain cross sections involving a number of 
target states; whereas the contribution to opacities from states 
belonging to excited parent configurations is usually small. 
example, in the present work it is considered sufficient to include 
only the ground state of ions in the helium and neon isoelectronic 
sequences to obtain the radiative data for Li-like (e + He-like) and 
Na-like (e + Ne-like) atoms and ions respectively. However, for 
electron impact excitation, a number of excited states (approximrtely 
10 or greater) are of practical interest. 
the number of partial waves of the additional electron; again, for 
collisional calculations one m y  need to include a larger number of 
partial waves than for radiative calculations since in the radiative 
case bound states with L 2 3 are hydrogen-like and need not be calcu- 
lated by the close-coupling method but may be readily obtained in the 
hydrogenic approximation. 

the various collisional processes within the same framework. 
present, collision strengths may also be calculated, in the LS approx- 
imation, employing the new computational package. Work is in progress 
to include the fine structure in the atomic target states and to 
extend the calculations to dielectronic recombination cross sections. 

However, the radiative and 

For 

A second difference lies in 

A logical extension of the Opacity Project would be to consider 
At 

VII. ATOMIC DATA BASE 

The unprecedented magnitude and accuracy of the atomic data 
produced under the auspices of the Opaoity Project should be useful 
for many applications involving the analysis of laboratory and astro- 
physical plasmas. Procedures my be developed to identify and process 
the data in acoordance with the intended application. It 1s planned 
to establish the data bases at the Daresbury Laboratory in the 0. K. 
managed by the U. K. wmbers of the Project, and at the NCSA in Urbana 
by the U. S. 6eJnbers of the team. the bulk of the data will consist. 
of: energy levels, oscillator strengths, photoionization cross sec- 
tions, radiative and collisional damping constants and recombination 
coefficients. To date, calculations have been completed for the first 
te isoelectronic sequences, from H-like to Ne-like. Approximately 
10 oscillator strengths have been obtained along with photoionization 
cross sections for 200-400 bound states in each ion, tabulated at a 
fine energy mesh. 
third row of the periodic table, as well as on all iron ions. 

1: 
Work is in progress on several isosequences in the 
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